The long-term variations in the atmospheric pressure and the polar cap temperature of Mars resulting from the obliquity oscillations (presented by W. R. Ward, 1974) are discussed. In performing these calculations, the assumption is made that the atmosphere is in equilibrium with perennial CO2 ice deposits at the north pole, as is proposed by R. B. Leighton and B.C. Murray (1966). If heat transport by the atmosphere is neglected, the temperature of CO2 ice at the poles ranges from • 130 ø K to • 160 ø K, the corresponding atmospheric pressure rising from a few tenths of a millibar to • 30 mbar, respectively. The neglect of atmospheric heat transport probably underestimates the peak pressure. Because the altitude of the south cap is -•2 km higher than that of the north cap, CO: ice is unstable there and will migrate to the north cap at a rate •10 g/cm 2 yr, the implication being that the south residual cap is water ice. A simplified model of the annual polar caps and pressure fluctuations is also presented. This indicates that when the obliquity is at its maximum, the annual caps may be greatly enlarged in both mass and maximum coverage. The modifications introduced by including significant atmospheric heat transport are then discussed. Finally, the implications of different past climatic conditions on the mechanism of eolian erosion are briefly considered. We first look at the long-term behavior of the atmosphere and the polar caps. Occasionally, equations will be employed that are derived in Appendix 1, where a simplified version of the atmosphere-polar cap equilibrium problem that can be solved analytically is presented. This section is followed by a treatment of the annual atmospheric fluctuations and the deposition and evaporation of the annual caps for different past climatic epochs. Some of the modifications introduced by including an atmospheric heat transport term are then indicated. These are in turn followed by a rediscussion of the wind-blown dust models of Ryan [1964] and Sagan and Pollack [1967, 1969].
where 0* is a constant equal to •25.2 ø, a cos 0 is the precession frequency of the Mars spin axis, and Nj, s/, and % are amplitudes, eigenfrequencies, and phase constants, the values of which were given in paper 1. Figure 1 shows the orbital inclination and the obliquity for the past 5 X l06 yr. The value of (I•,) varies by over a factor of 2 between the obliquity extremes.
In 1966 Leighton and Murray suggested that the atmosphere of Mars could be in equilibrium with perennial CO•. ice deposits at the poles. At the crux of the hypothesis is the suggestive coincidence between the observed atmospheric pressure of about 6 mbar and the vapor pressure of CO•. ice at a temperature T such that the radiation rate equals the average rate of solar energy absorption. In Appendix 1 we present a model calculation that indicates that the average pressure p is determined by an equation of the following type latitudinal variation in insolation is neglected, the area of the perennial cap and that of the annual cap are the same. However, it has been pointed out by Leighton and Murray [1966] The availability of CO2 is somewhat of a problem. If our assumption that enough CO2 is available is wrong, then the peaks of the pressure curves in Figure 2 must be truncated to reflect the proper upper limit. (It is the availability of volatiles that could limit the pressure. Carbon dioxide adsorbed in the regolith cannot be released unless very large pressures are first attained.) Strictly speaking, our inexact knowledge of such parameters as the albedo of CO2 frost precludes even a definite conclusion in favor of the Leighton-Murray hypothesis of excess CO2 ice for the present situation. However, the introduction of the obliquity oscillations lends fresh support to this proposal. The present mass of the atmosphere would represent an excess at times of low obliquity, and so at worst the Leighton-Murray model applies to these periods. At other times the obliquity is so great that a 6-mbar atmospheric pressure could not possibly be considered in equilibrium with the absorbed annual polar insolation. Hence we should have to be observing Mars at a very special time for the close agreement between pressure and polar insolation to exist in the absence of perennial CO2 ice deposits. 
This rate is roughly 10 g/yr cmh i.e., a 100-m-thick perennial cap could be transferred from the south pole to the north pole in •2 X 10 a yr. Since this time is short in comparison with the obliquity oscillation time scale, it is doubtful that a residual CO2 ice cap would ever accumulate at the south pole. If one is forced to relinquish the south pole as a possible site for perennial CO2 ice deposits, then it is, needless to say, a rather uncomfortable premise that Mars has one water ice residual cap at the south pole and one CO2 cap at the north pole. A possible solution is the suggestion by Murray and Malin [1973] that although most of the visible north residual cap is water, there exists also a large deposit of CO2 ice. (Carbon dioxide cannot be buried under water ice, since the higher temperatures achieved by water ice during the summer will drive the CO2 out.) They indicate a thick area in the north cap that is a likely candidate and estimate its mass to be of the order of 1-6 times that of the present atmosphere.
We close this section by pointing out that additional important information can be extracted from (6) (for one forcing function with amplitude At). Note that the response is down by a factor of r'/r; i.e., the system is sluggish on time scales short in comparison with the characteristic time scale r. One example of this is in the seasonal changes in the polar insolation considered in Appendix I. However, the form of equation (14) is also applicable to short-term fluctuation in other parameters such as changes in the albedo. For a decrease in the albedo that persists for a year the increase in atmospheric pressure is only of the order of a percent of the value that one would calculate making the assumption that the system was always in equilibrium. In fact, it is fair to say that the system is in equilibrium with a timeaveraged albedo, the average being taken over the time scale r • 102 yr and not necessarily with its instantaneous value. This complicates the interpretation of albedo and pressure mea- Figures 3a-3c) . By observing when m vanishes, the recession rate of the cap boundary can be acquired. Figure 4 shows the computed advance and recession for the three values of the obliquity. (Since a circular orbit is used, the north and south caps are symmetrical, and only one cap is shown.) The sensitivity of the system to changes in the obliquity is quite impressive. As the obliquity oscillates, so do the temperatures and the radiation losses from CO2 frost anywhere on the planet. At the same time, since the total planet-wide insolation is not altered by an obliquity change, a warming of the summer pole implies a cooling of the winter pole. As a result, the computed maximum radius of the annual caps increases by nearly 20 ø for each 10 ø increment in the obliquity. In addition, the total CO2 ice deposited shows a similar trend reaching • 110, • 180, and •240 g/cm' at the pole for the three situations. The total mass of the annual caps Our calculations of the annual caps could also be significantly altered by including atmospheric heat transport. The calculations of the conditions during high obliquity are the most subject to change. However, the nature of this modification is not always apparent. For example, the atmosphere warms the winter hemisphere at the expense of the summer hemisphere and would tend to inhibit frost deposition and decrease the maximum coverage of the annual cap. On the other hand, if the atmospheric feedback drove the pressure considerably higher at periods of larger obliquity than that used in our calculation, CO•. frost would condense at a higher temperature via the vapor pressure curve. This result would tend to increase the coverage of the annual cap. Numerical models of the annual caps including atmospheric transport for past climatic conditions are needed to settle such questions.
The effects of pressure variations on the physical environment are, of course, of extreme interest. As an example, we close this section with a brief rediscussion of the eolian erosion models of Ryan [1964] and Sagan and Pollack [1967, 1969] . Of particular interest is the dependence of these models on the atmospheric density O, which shall be assumed to vary by an order of magnitude above and below the current value.
Let Low-pressure intervals are quiescent periods, whereas highpressure intervals may be characterized by frequent and severe dust storms.
CONCLUSION
Oscillations in the obliquity of Mars produce large changes in the climate provided the atmosphere exists in equilibrium with perennial CO: ice deposits at the north pole, as was originally suggested by Leighton and Murray [1966] . An atmospheric pressure of 6 mbar at the present obliquity of 25 ø drops to •0.3 mbar when the obliquity is at its minimum of 15 ø and rises to at least • 30 mbar when the obliquity is at its maximum of 35 ø. The temperature of CO: ice varies from -• 130 ø to • 160 ø K between these extremes. The peak pressure can be higher if atmospheric heat transport from the equator to the pole is significant. The characteristic response time of the system is of the order of •250 yr. Although the system closely follows the obliquity changes that occur on a time scale of a few times 104 yr, it is stable against short-term insolation changes. The 2-km-higher elevation of the south polar region over the north polar region reported by Kliore et al. [1973] implies that the south residual cap is water ice, since CO: ice would migrate to the north pole at a rate of • 10 g/cm: yr. Model calculations indicate that the heating of the polar regions on an annual basis by increasing the obliquity may cause the annual caps to enlarge in both mass and maximum coverage. Finally, the mechanism of eolian erosion is intensified by an increase in atmospheric pressure. The minimum threshold velocity for grain movement is proportional to p-va, which varies by a factor of •22 over the pressure range described. Many other issues, such as the stability of liquid water, also deserve investigation, although we have not attempted to investigate them here. At any rate, it appears quite probable that the climate of Mars experiences periodic modifications of substantial strength, and there is considerable motivation to try to relate this phenomenon to the many unusual surface features on the planet. 
